The structural competition between the G-quadruplex and Watson-Crick duplex has been implicated for the 10 repetitive DNA sequences, but the factors influencing this competitive equilibrium in the natural and pharmacological context need to be elucidated. 
INTRODUCTION
Guanine-rich oligonucleotides have the potential to form unusual secondary structures comprising of four 45 Hoogsteen-paired coplanar guanines (1) . The level of interest in these structures has increased markedly since the past decade as the evidence for their possible functional roles in vivo has accumulated. These guanine-rich segments are found in biologically significant regions of the genome, such as 50 telomeres (2) , immunoglobulin switch regions (3), gene promoter regions (4, 5) and sequences associated with human diseases (6) . Several proteins that bind to G-quadruplexes have been identified (7-12) and some of these proteins promote the formation of quadruplex structures (8, 9, 13) . Many 55 small molecules specifically bind to quadruplexes, and act as selective inhibitors of telomerase, a potential target for anticancer therapy (14, 15) . The first draft of the human genome has provided additional impetus for exploring the role of unusual DNA structures in general and quadruplexes in 60 particular (16) (17) (18) .
Inside the cell, G-rich sequences are present along with their complementary C-rich strands. Therefore, such multi-stranded DNA secondary structures compete with the normal WatsonCrick (WC) duplexes formed by the interaction with the com-plementary strands. Quadruplex and WC duplex exist in an environmentally (natural or artificial) controlled dynamic equilibrium, transient shifts in equilibrium favor either quadruplex or duplex formation, as required for the execution of biological function. Duplex-Quadruplex interconversions d(G 4 AG 4 T) 2 , d(G 4 AG 3 T) 2 preferentially adopt quadruplex structure in potassium-containing buffers, and retain this structure even in the presence of a 50-fold excess of their complementary C-rich strands, but the duplex form predominates in 5 the presence of sodium. Li et al. (30) investigated competitive structural transition among the G-rich quadruplex, C-rich i-motif, and the corresponding WC duplex for dG 3 (T 2 AG 3 ), d(C 3 TA 2 ) 3 C 3 and dG 3 (T 2 AG 3 ) 3 /d(C 3 TA 2 ) 3 C 3 using ITC, DSC, PAGE, CD, UV and stopped-flow kinetic techniques. 10 ITC and PAGE experiments confirmed WC duplex formation upon addition of the complementary strand. The binding constant of the two DNA strands in the presence of 10 mM Mg 2+ , pH 7 was 400 times larger than that in the presence of 100 mM Na + , pH 5.5. Kinetic studies showed that the dissociation of the 15 single-stranded structured DNAs is the rate-limiting step for the WC duplex formation. Recently, Green et al. (27) reported the kinetics of opening of the DNA quadruplex formed by the human telomeric sequence with a peptide nucleic acid (PNA) trap. This opening was zero order with respect to PNA, also 20 indicating that the initial step is a rate-limiting internal rearrangement of the quadruplex. The Quadruplex-WC equilibrium is under the subtle influence of many factors, which involves the contribution from cellular environment, such as pH, cations and temperature. 25 However, this dynamic equilibrium can also be influenced by molecular crowding as a living cell is inherently crowded with various biomolecules. Molecular crowding agents such as osmolytes substantially affect the rate of reactions, and thus, their influence on G-rich and C-rich secondary structures is 30 critical for revealing the in vivo scenario and the on-set mechanism of diseases related to these DNA structures. Miyoshi et al. (31) have demonstrated that molecular crowding prevents duplex formation between G-rich and C-rich DNA, and this further indicates that structural polymorphism in DNA 35 structures is induced by molecular crowding, in vivo. These multi-stranded G-rich structures also serve as attractive targets in the pharmacological context. Cationic porphyrins are known to bind and stabilize different types of quadruplexes and 5,10,15,20-tetrakis-(1-methyl-4pyridyl)-21H,23H-porphine 40 (TMPyP4) is an effective telomerase inhibitor with an EC 50 of 6.5 mM (14) in a cell-free assay. TMPyP4 also binds to the intramolecularly folded parallel G-quadruplex present in the c-myc promoter and most likely converts it to a mixed parallel/antiparallel G-quadruplex suppressing c-myc tran-45 scriptional activation (32, 33) . Similar transitional changes were also observed for telomeric sequences from Oxytricha species (34, 35) . For the achievement of therapeutic selectivity by targeting G-quadruplexes, it is necessary to understand the mechanism of this Quadruplex-WC duplex equilibrium 50 in the intracellular milieu and in the presence of G-interactive foreign ligands. To examine the effect of different environmental perturbations on the quadruplex to duplex transition, we studied the binding and kinetics behavior of a preformed G-quadruplex in 55 the presence of its complementary C-rich strand by fluorescence resonance energy transfer (FRET) in 50 mM MES buffer, pH 7 with 100 mM KCl. FRET has been successfully applied to characterize quadruplex and I-motif formation from G-rich and C-rich sequences, respectively (36) (37) (38) . The quad-60 ruplex formed by d(G 3 TTA) 3 G 3 is stabilized by three Gquartets and three TTA loops. We used FRET to assess the binding affinity of this oligonucleotide to metal ion (K + ), leading to the formation of quadruplex. The thermodynamic stability of quadruplex was determined in the presence and absence of osmolytes (ethylene glycol and glycerol), and quadruplex selective small ligand TMPyP4, followed by the estimation of the binding affinity and kinetics of opening of the preformed quadruplex upon the addition of its 21mer complementary C-rich strand d[C 3 (TAAC 3 ) 3 ] in the above mentioned 70 conditions. To determine the K + binding affinity of G-rich strand, fluorescence experiments were carried out at 20 C using fixed concentration (12 nM) of dual labeled G-rich strand and vary- 10 ing KCl concentration (0-10 mM). Similar binding study was performed for quadruplex-K + strand (12 nM) and varying its complementary C-rich strand (0-100 nM) at 20 C in 50 mM MES buffer, pH 7 with 100 mM KCl.
MATERIALS AND METHODS
To obtain the binding affinity of the oligonucleotide for 15 metal ions at a particular temperature, DF ¼ F À F 0 (where F 0 and F is the initial and subsequent fluorescence intensities of the donor-fluorescein, at 520 nm upon KCl addition) was plotted against the metal ion concentration, shown in the inset of Figure 1 . Two metal ions can bind to one oligonucleotide, 20 so the following fitting equation was used, 25 FLUOstar OPTIMA fluorescence plate reader was used to determine the binding affinity of G-quadruplex to its complementary strand in the presence of osmolytes and G-interactive small molecule. The plate reader provides the advantage of working with many samples, at very dilute concentrations, 30 and on systems that suffer from thermodynamic and kinetic inertia, requiring prolonged incubation. The experiments were done in 384 well plates, using excitation (480 nm) and emission (520 nm) filters for fluorescein. The wells were loaded with the solution of fixed concentration of preformed 35 quadruplex (12 nM) and increasing concentrations of complementary strand (0-100 nM). Sample mixtures were incubated for a period of 12 h at 20 C, to ensure that equilibrium was attained and the plate was read at 520 nm. Similar experiments were carried out in 50 mM MES buffer, pH 7 with 40 100 mM KCl containing different concentrations of osmolytes [0, 5, 10% (wt/vol) ethylene glycol and glycerol] and different concentrations of TMPyP4 (60 and 120 nM). For analysis of data, the observed fluorescence intensity was considered as the sum of the weighted contributions from folded G-quadruplex 45 strand and extended G-strand:
where F is the observed fluorescence intensity at each titrant concentration, F 0 and F b are the respective fluorescence intensities of initial and final states of titration, and C t and 50 C b are the concentrations of total and unfolded G-strand, respectively. Assuming 1:1 stoichiometry for the interaction in case of complementary strand binding, it can be shown that:
where K A is the association constant, [Q] 0 is the total G-strand 55 concentration, and [C] 0 is the total complementary strand concentration.
From Equations 2 and 3, it can be shown that:
60

Kinetic experiments
A detailed insight into the unfolding kinetics of quadruplex requires approximation of the unfolding rate constants. The opening up of quadruplex (30 nM) upon addition of equivalent concentration of the complementary strand was monitored as the increase in fluorescence intensity at 520 nm with respect to time, using instead of monitored, as the increase in fluorescence intensity at 520 nm as a function of time using Fluoromax 4 (spex) spectrofluorimeter. 
Where G 1 and G 2 are the time constants of the decay and A 1 and A 2 are their respective amplitudes. A 3 is the fluorescence intensity at t ¼ 1. The observed rate constant was calculated from the mean time constant (G), k ¼ [1/G], where (G) was calculated as,
RESULTS
FRET: a tool for competition study
Inside the cell most G-rich sequences with the potential to adopt G-quadruplexes are present along with their complementary C-rich strand, which generates competing duplex structures depending on the cellular conditions. FRET can be used to probe the secondary structure formed by a guanosine-rich DNA fragment with fluorescein (donor) 5 and TAMRA (acceptor) at 5 0 and 3 0 ends of the oligonucleotide, respectively. In this study, we report the use of FRET as a tool in the competition study between quadruplex and duplex transition. The formation of the quadruplex from a G-rich oligonucleotide, in the presence of monovalent cations, 10 is accompanied by the decrease in the distance between the donor and the acceptor molecule leading to a greater energy transfer from the donor to the acceptor. Upon hybridization to its complementary C-rich sequence, the donor and acceptor are separated by a larger distance, resulting in lesser energy 15 transfer and higher fluorescence intensity in the donor region. The melting profile of the quadruplex (30 nM) was characterized in the presence of 100 mM KCl by monitoring 30 the change in fluorescence of the labeled oligonucleotide with increasing temperature. Figure 2 shows a representative graph of fluorescence spectra at different temperatures. The plot of fluorescence intensity at 520 nm versus temperature (inset Figure 2 ) exhibits a sigmoid curve, the inflection point 35 gave the T m value of 60.5 (±1) C, which correlates with the literature findings. Furthermore, the independence of T m over a wide concentration range (10 nM-1 mM, data not shown) of dual labeled 5
indicates intramolecular folding for the given quadruplex 40 sequence. The thermodynamic parameters for quadruplex melting were estimated using the procedure described by Bonnet et al. (42) . The dissociation constant of the quadruplex (K d ) was determined using the following equation:
where F is the observed fluorescence intensity at a given temperature and F c and F o are the fluorescence intensities of the quadruplex in the closed and open forms, respectively. The values of F c and F o were measured at lowest and highest temperatures, respectively in the melting curve. Using the
where R represents the gas constant and T is the absolute temperature (K). The DH obtained for quadruplex melting in 100 mM KCl was found to be 39.8 (±2) kcal/mol and 55 DS was found to be 122.4 (±6) cal/mol/K. Next, we analyzed the effect of increasing complementary strand concentration (0 to 100 nM) on quadruplex to duplex transition in 100 mM KCl buffer. Figure 3 shows the fluorescence spectra of the quadruplex-K + (12 nM) upon successive 60 addition of its C-rich complementary strand, d(CCC TAA CCC TAA CCC TAA CCC). We observed that unfolding of intramolecular quadruplex and its subsequent hybridization to the complementary strand is an extremely slow process, and thus, requires prolong incubation to achieve the equilib-65 rium (shown below). To overcome such a kinetic barrier, we allowed 3-4 h incubation to obtain a stable florescence reading. As shown in Figure 3 , the fluorescence intensity of fluorescein increases with increase in complementary strand concentration and an isoemissive point at 575 nm was 70 obtained. This explains that addition of the complementary strand leads to the unfolding of intramolecular quadruplex and subsequent hybridization to G-rich strand to form duplex. The plot of ratio of intensity of fluorescein versus complementary strand concentration is shown in inset of Figure 3 . 5 The binding affinity to the complementary strand at 20 C calculated from this plot, using Equation 4 , was found to be 4.1 (±0.15) ·10 7 M À1 in the presence of K + ions. To investigate the binding kinetics of the above system in 100 mM KCl, precise estimation of quadruplex unfolding 10 rate constant upon hybridization to its complementary strand was required. We observed that in the presence of K + ions, the rate of opening was relatively slow but could be followed by conventional spectrophotometer at 20 C as shown in Figure 4a . Analysis of the kinetic data showed 15 that the kinetics is second order in nature and the obtained rate constant was 10.7 (±0.3) · 10 À5 M À1 s À1 at 20 C in 100 mM KCl solution.
As the kinetics was very slow, to make the experiments high throughput without disturbing equilibrium, the binding affinity 20 of the quadruplex to its respective complementary strand was estimated using FLUOstar OPTIMA plate reader, which provides the advantage to work on many systems that suffer from thermodynamic and kinetic inertia, requiring prolonged incubation simultaneously. Owing to the slow kinetics of 25 the reaction, and to ensure attainment of equilibrium, the samples were given incubation of 12 h at 20 C and the intensity was recorded at 520 nm. The binding affinity obtained by this method was 3.86 (±0.2) · 10 7 M À1 (Figure 4b ), which approximated well with the value obtained from Fluoromax 4 30 (spex) spectrofluorimeter based study. FLUOstar OPTIMA plate reader can thus, be reliably used to determine the binding affinity.
Role of molecular crowding on competition
Biochemical studies are regularly conducted in highly dilute 35 solutions, whereas the intracellular milieu is extremely crowded (43) . To analyze the effect of osmolytes as crowding agents on the stability of G-rich secondary structures, the melting of quadruplex was performed in the presence of 10% (wt/vol) ethylene glycol and 10% (wt/vol) glycerol in Furthermore, to investigate the effect of osmolytes on quadruplex to duplex transition in 100 mM KCl buffer, the binding affinity of quadruplex to its complementary strand was determined in the presence of different concentrations (0, 5 60 and 10%) of osmolytes. Figure 5 shows the change in fluorescein intensity versus complementary strand concentration in the absence and presence of 5% (wt/vol) and 10% (wt/vol) ethylene glycol and glycerol, respectively. The binding affinities obtained were 2. 4 10% wt/vol), upon the addition of equimolar complementary strand. Figure 6 shows a representative plot of kinetic study, where fluorescence intensity change at 520 nm was observed as a function of time. Kinetics data were analyzed as described above and the respective parameters tabulated in , respectively. This implies that the presence of osmolyte delays the hybridization process 10 for duplex formation.
Role of G-Quadruplex interacting molecules on the transition
Hurley's group provided (32,33) the first direct evidence that c-myc expression is controlled by a quadruplex-to-duplex 15 transformation. They showed that the duplex DNA could be effectively converted to G-quadruplex DNA in the presence of a small ligand cationic porphyrin (TMPyP4). Here, we have examined the role of such G-quadruplex interactive drug on quadruplex to duplex transition. The study involved the evalu-20 ation of relative stability of quadruplex (30 nM) in the presence of quadruplex selective drug, TMPyP4 (150 nM). We observed that the presence of TMPyP4 led to a significant quenching of TAMRA fluorescence, but had a moderate effect on fluorescein intensity. The plot of fluorescence intensity at 25 520 nm versus temperature displayed a sigmoid curve that exhibited a T m of 77.7 (±0.5) C (Supplementary Figure S4) . This finding implies that presence of the drug favors quadruplex formation, as the observed T m was 17.2 C higher than that in the absence of ligand. Next, we determined the binding 30 affinity of the quadruplex (12 nM) to its respective complementary strand in the presence of 60 and 120 nM TMPyP4 (1:5 and 1:10 quadruplex to porphyrin ratio). Analysis of Table 1 . Thermodynamic and kinetic parameters of (G 3 TTA) 3 G 3 at 20 C in different experimental conditions the data indicates that increase in the concentration of TMPyP4 decreases the binding affinity of the quadruplex toward its complementary strand (Figure 7 ). In the absence of ligand, the affinity at 20 C was estimated to be 3.86 5 (±0.20) · 10 7 M À1 , whereas the binding affinities estimated in the presence of 60 and 120 nM TMPyP4 were 2.7 (±0.3) · 10 7 M À1 and 1.5 (±0.2) · 10 7 M À1 , respectively. Subsequently, the kinetics of quadruplex (30 nM) opening was followed in the presence 150 nM TMPyP4 (Figure 8 ). 10 The kinetic data was analyzed as described above, and the respective parameters presented in Table 1 . The observed rate constant was found to be 7.7 (±0.32) · 10 À5 M À1 s À1 at 1:5 quadruplex to porphyrin ratio.
DISCUSSION
15
In the genomic context, multi-stranded DNA secondary structures formation in the region other than the end of a chromosome, are in competition with the normal WC duplex structures that is formed by the interaction with the complementary strands. However, as the genetic information encoded 20 by DNA must be passed on to the next generation, a mechanism for interconversion between these multi-stranded secondary structures and WC duplex structures must be available. Using the human telomeric repeat, d(G 3 TTA) 3 G 3 as a model sequence, we have here examined the Quadruplex-WC duplex 25 equilibrium under osmotic stress and in the presence of quadruplex selective binding ligand. We chose a fluorescence based study to work at reasonably low concentration, which could not have been possible with UV or CD, and carried out extensive FRET analysis to use it as a tool to verify the structure 30 formation, stability of quadruplex, and to follow the quadruplex to duplex transition under different environmental settings. Recently, we reported successful employment of FRET in following the quadruplex to WC duplex transition of the thrombin binding aptamer (23) . Our study showed 35 that intramolecularly folded secondary structures formed by G-rich strand are kinetically trapped species and may occur under specialized conditions (such as replication, recombination, transcription and telomeric DNA elongation), which favors the formation of these secondary structures over WC 40 duplex formation. In the current study, we have mimicked such specialized conditions and traced the opening of dual labeled 21mer d(GGG TTA GGG TTA GGG TTA GGG).
CD spectra (Supplementary Figure S1 ) of this 21mer human telomeric DNA in 100 mM KCl, 50 mM MES buffer, pH 7 45 showed a positive band at 292 nm and a negative band near 266 nm, which confirms that the given sequence formed an antiparallel G-quadruplex. The addition of equimolar concentration of complementary strand d(CCC TAA CCC TAA CCC TAA CCC) to the preformed quadruplex led to a shift of the 50 positive and negative peak toward 280 and 252 nm, respectively, which corresponds to the signature signal of a duplex. However, the presence of a shoulder band near 285 nm suggests that certain fraction of quadruplex still exists in the solution. The presence of osmolytes fails to produce any struc-55 tural changes or deformities in the CD spectra of the quadruplex, but the presence of broad shoulder upon addition of equimolar complementary strand indicates that crowding agents significantly prevent the duplex formation.
The Quadruplex-WC duplex competition and relative 60 stability of the quadruplex under different environmental conditions was explored using FRET. The binding affinity of quadruplex to K + ions was found to be 2.5 (±0.3) · Figure S2) . This observation is in agreement with the previous study (37) , where Tm measure-70 ments were performed for 21mer unlabeled d(G 3 TTA) 3 
in 100 mM NaCl solution, pH 7. They observed that labeled oligonucleotides (single or dual labeled) melts at lower temperature than the unlabeled oligonucleotide. Several reports which highlight the qualitative effects of environmental perturbations on Quadruplex to WC equilibrium are available, 5 but very few of them have actually addressed the precise quantitative changes associated with these perturbations.
To quantify the relative change in the binding affinity of the quadruplex to the complementary strand, we monitored FRET as a function of complementary strand concentration. 10 The binding affinity of quadruplex to its complementary strand was found out to be 3.86 (±0.2) · 10 7 M À1 at 20 C in 100 mM KCl buffer. The same order of binding affinities was observed by Li et al. (30) , where the binding constant of the two DNA strands in the presence of 100 mM Na + at pH 7.0 was 1.32 15 30 tends to destabilize the quadruplex structure in spite of a spacer present between the solid support and the G-strand, which may be, is responsible for the discrepancy in binding affinities between the studies described here. Unfolding of the quadruplex in the presence of its comple-35 mentary strand, to form a WC duplex, is a two-step process.
Recently, measurement of the unfolding rate of fluorescently labeled human telomere repeats using similar technique (FRET) showed that the hybridization reaction of the quadruplex to the complementary C-rich strand is second order 40 (28) . This finding indicates that the rate-determining step of the process is the hybridization (second step) rather than the unfolding of the quadruplex (first step), although the reaction occurs by means of an open intermediate. In another study (27) , kinetics of quadruplex opening using PNA was zero 45 respectively. Though the presence and absence of osmolytes produced a considerable difference in the rate constants, not much change was observed on increasing the osmolyte concentration from 5 to 10%. Analysis of the melting profile of the quadruplex in the presence and absence of osmolytes also 95 supported the above findings, where a higher T m value in the presence of osmolytes indicated stabilization of the quadruplex structure. This increasingly stable quadruplex, thus, exhibited a lower binding affinity and consequently, slower hybridization kinetics to its respective complementary strand.
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The binding of cationic porphyrin H 2 TMPyP4 to quadruplexes formed in c-myc promoter region and telomeric sequences has been investigated intensively (32) (33) (34) (35) , but how these G-interactive drugs perturb the equilibrium has not been explored. We have investigated the influence of 105 TMPyP4 on the Quadruplex-WC duplex equilibrium. This ligand not only stabilizes quadruplex but also delays the association of the two strands to form duplex. The melting profile of the quadruplex revealed a higher thermostability of the secondary structure in the presence of TMPyP4, as depicted 110 by the rise in T m . This higher stabilization of the quadruplex structure was also indicated in our binding affinity analysis that showed that the presence of TMPyP4 lowered the binding affinity of the quadruplex to its complementary strand. The estimated binding affinity of the quadruplex to its comple-115 mentary strand in the absence of the ligand was found to be 3.86 (±0.2) · 10 7 M À1 , whereas in the presence of 60 and 120 nM TMPyP4 it was reduced to 2.7 (±0.3) · 10 7 M À1 and 1.5 (±0.2) · 10 7 M À1 , respectively. The rate constant obtained from the kinetic analysis upon hybridization of 120 quadruplex to its equimolar complementary strand in the presence of five times excess of TMPyP4 was found out to be 7.7 (±0.32) · 10 À5 M À1 s À1 , which was lower than that obtained in the absence of the ligand. The presence of ligand, thus, slowed the hybridization of the quadruplex to its complementary strand. The given observation was in consensus with the above findings that indicated that the presence of the ligand 5 TMPyP4 stabilizes quadruplex structure, thereby, favors its formation over Watson and Crick base pairing. The thermodynamic and kinetic parameters derived from such studies would promote better designing of G-quadruplex recognizing or interacting molecules and establishment of therapeutic 10 selectivity (45) .
Using equilibrium binding constants of the quadruplex to its complementary strand obtained from this study, we calculated the amount of duplexes (D max ), free quadruplexes (Q f ) and fraction of quadruplexes converted to duplex after attainment 15 of equilibrium under each condition, as shown in Table 1 ( Figure 9 ). We found that quadruplexes were the predominant species in each condition. From the experimental binding constant, we calculated the fraction of duplex formed when equimolar concentrations of the G-and C-rich strands were mixed 20 together in 100 mM KCl in the absence and presence of 10% (wt/vol) osmolytes and 1:5 quadruplex:porphyrin concentration ratio. We observed that the formation of duplex was dependent on initial strand concentration used at 20 C. At 10 À9 M or lower, d(G 3 TTA) 3 G 3 mainly exist in the quadruplex 25 form, whereas at higher strand concentration the fraction of duplex increases and approaches to its maximum at the concentration 10 À6 M or higher. In 100 mM KCl solution at equilibrium, 1:1 quadruplex:duplex would exist upon the addition of 50, 130, 144 and 116 nM of equimolar mixture of both the 30 of the cell to exploit quadruplexes as a drug target.
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